The coarsening of Al 3 Sc precipitates in an Al-1 mass%Mg-0.27 mass%Sc alloy aged at 573 K has been examined using a model developed by Kuehmann and Voorhees. The average size of Al 3 Sc precipitates was evaluated by transmission electron microscopy and electrical resistivity was employed to measure the Sc concentration in the matrix. Kinetic analyses revealed that before the onset of a coarsening stage, there exist mixed stages of nucleation and growth and of growth and coarsening. The coherent Al/Al 3 Sc interface energy is estimated as 0.23 Jm À2 from data on coarsening alone. The transition from a coherent interface to a semi-coherent interface caused no change in .
Introduction
Al-Mg-Sc ternary alloys have attracted much attention for coarsening investigations in ternary systems primarily because of the existence of spherical, initially coherent Al 3 Sc precipitates. In a previous study, we used a coarsening model developed by Kuehmann and Voorhees (KV) 1) for ternary alloys to investigate the coarsening behavior of Al 3 Sc precipitates in an Al-1 mass%Mg-0.27 mass%Sc alloy aged at 673 to 748 K by both transmission electron microscopy (TEM) observations and electrical resistivity measurements.
2) The TEM work showed that the average radius at which the transition occurred from a coherent to a semicoherent interface was about 20 nm. The Al/Al 3 Sc interface energy and diffusion coefficient D of Sc in the Al matrix were derived independently from data on coarsening alone using the KV model. The value of ¼ 0:23 Jm À2 was obtained primarily for semi-coherent precipitates. That is, we could not determine accurately a value of for the coherent interface, owing to few data points in coherent stages on the growth curves at temperatures of 673 to 748 K. In another study, Marquis and Seidman 3) have examined the coarsening of Al 3 Sc precipitates in an Al-2.0 mass%Mg-0.20 mass%Sc alloy aged at 573 K by both TEM and atom-probe tomography analyses. The value of was independently estimated as about 0.16 Jm À2 without assuming a value of D. However, the dependence of on the interfacial state was not studied.
In this work, as an extension of the previous study, 2) we examine the coarsening behavior of Al 3 Sc precipitates in the same Al-1 mass%Mg-0.27 mass%Sc alloy during aging at 573 K based on the KV model. The precipitate size is determined by TEM and the Sc concentration in the matrix by electrical resistivity measurements. The energy of the coherent interface of Al 3 Sc precipitates has been accurately estimated. In addition, we have found evidence for two mixed stages in the precipitation process prior to the coarsening stage.
Experimental
An Al-1 mass%Mg-0.27 mass%Sc alloy ingot was prepared by melting 99.99 mass%Al, an Al-5 mass%Mg master alloy and an Al-2.0 mass%Sc master alloy. The alloy ingot was homogenized at 873 K for 24 h. Specimens cut from the ingot were cold-rolled to a thickness of 3 mm. Then the specimens were solution-treated in air at 905 K for 3 h, quenched into cold water, and subsequently aged in air at 573 K for various periods up to 5000 h. After aging, electrical resistivity measurements were made at liquid nitrogen temperature (77 K) using a standard four-point potentiometric technique and the average value was evaluated.
Thin foils, 200 mm thick, for TEM observations were prepared from the aged specimens by a standard electropolishing method. Microscopy was performed using a JEOL 2010FEF or a HITACHI H-9000NAR microscope at an operation voltage of 200 or 300 kV. The average radii of precipitates were measured using dark-field images from 001 or 011 superlattice reflections of Al 3 Sc precipitates.
Results and Discussion

Coarsening of Al 3 Sc precipitates
The KV mathematical treatment describes the kinetics of precipitate coarsening for a ternary alloy by the relation 1)
where r 0 is the average radius of precipitates at the onset of coarsening at time t 0 , r is the average radius at time t, and K is a coarsening rate constant given by the equation
Here is the interface energy of the Al/Al 3 Sc interface and V m is the molar volume of the Al 3 Sc phase. The value of V m is calculated to be 1:
, where N a is Avogadro's number and a is the lattice constant of Al 3 Sc (¼ 0:4106 nm 4) ). The coefficient Ã is written as * 1 Graduate Student, Kanazawa University * 2 Corresponding author, E-mail: monzen@t.kanazawa-u.ac.jp
Here ÁC i ¼ C 
Variation in Sc concentration in the Matrix
According to the KV model, the Sc concentration C in the matrix during coarsening varies with time t as
where C e,Sc is the equilibrium concentration of Sc in the matrix and k is a coarsening parameter given by
Following eq. (4), a plot of C against t À1=3 is depicted in Fig. 2 . Hereafter, the Sc concentration will be expressed as an atomic fraction. As in the previous study, 2) the Al matrix is assumed to contain approximately 1 mass%Mg during aging at 573 K. Then the values of C in the matrix were determined by applying the experimental data, 5) after the resistivity increment caused by 1 mass%Mg (¼ C Al Mg ð1Þ) in the matrix was removed using data from the literature. 6) In Fig. 2 , C exhibits a steep decrease at the early stage of aging as illustrated by the dashed line and, after about 2:2 Â 10 6 s (600 h), a linear relationship exists between C and t À1=3 . The onset time of the t À1=3 time law is identical to that of the r 3 growth law in Fig. 1 . From the slope and the intercept of the solid line determined by the least-squares method, the values of k and C e,Sc are estimated as ð3:88 AE 0:47Þ Â 10 À3 s 1=3 and ð2:40 AE 0:28Þ Â 10 À5 (¼ 4:00 Â 10 À3 mass%). The value of C e,Sc for the present Al-1 mass%Mg-0.27 mass%Sc alloy is nearly identical to the value of C e,Sc ¼ 1:90 Â 10 À5 at 573 K for the Al-Sc binary alloy obtained by Fujikawa et al., 7) analogous to our previous observation for the same Al-MgSc alloy aged at 673 to 748 K. 2) This indicates that the addition of 1 mass%Mg does not significantly affect C e,Sc . Also, the value of C e,Sc ¼ 2:40 Â 10
À5 for the present alloy is much smaller than the value of C e,Sc ¼ 8:90 Â 10 À5 at 573 K for the Al-2.0 mass%Mg-0.20 mass%Sc alloy reported by Marquis and Seidman.
3) This is inconsistent with the calculated result that Sc solubility for the Al-2.0 mass%Mg-Sc quasi-binary system is much smaller than for the Al-Sc binary system. 3) From measurements of both the volume fraction f and the number density N of Al 3 Sc precipitates, Watanabe et al. 2) have found evidence for the coexistence of a stage of growth and coarsening of precipitates before the beginning of coarsening alone. The value of f at time t can be estimated by
where C 0 is the initial Sc concentration (¼ 1:62 Â 10 À3 ) and C p is the concentration of Sc in the Al 3 Sc phase (¼ 0:25). Figure 3 shows the variation in f and N (¼ 3 f =ð4%r 3 Þ) of the Al 3 Sc precipitates as a function of t. f exhibits a rapid increase at the early stage of aging and a nearly plateau behavior at t > 2:2 Â 10 6 s (600 h). Thus the coarsening of the Al 3 Sc precipitates starts at 600 h. This time is in good agreement with those of the commencements of the r 3 growth law in Fig. 1 and of the t À1=3 time law in Fig. 2 . On the other hand, N tends to increase only slightly up to about 7:2 Â 10 3 s (2 h) and then keeps falling. After 600 h, the slope is nearly À1, which is the value predicted from the KV model. Similar to our previous result, 2) therefore, the growth and coarsening of precipitates take place at the same time prior to a coarsening stage.
and D
Using the ideal solid-solution theory, we have
; ð7Þ
; ð8Þ
;
where RT has its usual meaning. Since first principles calculations predict the absence of Mg in the Al 3 Sc phase, 8) the Mg concentration in the Al 3 Sc phase is approximated to be equal to zero, and thus ÁC Mg % C Al Mg ð1Þ. For the later stage of aging where the precipitation reaction is complete and only coarsening of the Al 3 Sc precipitates is taking place, C Al Sc ð1Þ will be approximately equal to C e,Sc . In addition, the Sc concentration in the matrix is negligibly small compared to that in the Al 3 Sc phase at any time, and we now obtain ÁC Sc % C 
Equation (10) using the experimental values of K, k and C e,Sc yields ¼ ð0:23 AE 0:05Þ Jm À2 , which is larger than ¼ 0:16 Jm À2 reported by Marquis and Seidman.
3)
The derived value of ¼ 0:23 Jm À2 is identical to the average value of ¼ 0:23 Jm À2 , previously obtained for the semi-coherent interface between the Al matrix and Al 3 Sc precipitate.
2) We have also revealed that the experimentally obtained value of is insensitive to the change in coherency of the Al/Al 3 Sc interface. 2) We have further shown that all the Al 3 Sc precipitates are perfectly coherent with the Al matrix when r < 20 nm, irrespective of aging temperatures. Since the average precipitate radius is only 7.3 nm even when aged for the longest period of 5000 h in the present work, it is apparent that the value of ¼ 0:23 Jm À2 is for the coherent interface. It is also confirmed that the transition from the coherent interface to the semi-coherent interface does not affect the value of .
The value of D Sc is calculated as ð2:2 AE 0:4Þ Â 10 is 8:84 Â 10 À20 m 2 s À1 .
Kinetics of precipitation
The isothermally transformed fraction X is expressed as
Figure 4 plots X against t. For comparison, the result calculated from data obtained using atom-probe tomography by Marquis and Seidman 3) is shown. In the present work, X increases with increasing t, and reaches nearly 1 at t > 600 h. This corresponds to the change in f with t in Fig. 3 . Marquis and Seidman 3) derived ¼ 0:16 Jm À2 using eq. (10) from values of K, k and C e,Sc determined by data over about 2 h. The value of X at 2 h obtained from data by Marquis and Seidman is still about 0.7. It should be recalled that in this stage the growth and coarsening occur simultaneously. Therefore, the value of ¼ 0:16 Jm À2 by Marquis and Seidman is estimated primarily using data in the mixed stage of growth and coarsening. It would then be inferred from Figs. 1 and 2 and eqs. (7) to (10) À5 by Marquis and Seidman are, respectively, large and small compared with our values of K and k and our value of C e,Sc , and thus their value of is larger than our value of ¼ 0:23 Jm À2 . However, this is not the case. 10, 11) is often used to describe the solute transformation kinetics. In the JMA model, the time dependence of X is given by
where b is a constant and n is a constant depending on transformation mechanisms. The double logarithmic plot of lnf1=ð1 À XÞg vs. t is shown in Fig. 5 . The precipitation process of the Al 3 Sc precipitates can be divided into three stages: rapid, middle and slow stages. In the rapid stage n is estimated to be (1:2 AE 0:17). This value is close to 1.5 which corresponds to the idealized case in which all precipitates nucleate simultaneously at random sites. 12) Values of n for the rapid stage in Al-Sc alloys have already been reported in other investigations: 5, 13) the reported n values are in the range 1.1 to 2.0 at temperatures between 503 and 743 K. In the middle and slow stages in Fig. 5 , n is derived as ð0:31 AE 0:03Þ and ð0:076 AE 0:008Þ, respectively. The transitions from the rapid stage to the middle stage and from the middle stage to the slow stage occur at about aging times of 2 and 600 h, respectively. The latter time is identical to the starting time of the coarsening stage of Al 3 Sc precipitates, previously mentioned. From these results, together with the dependences of f and N on aging time in Fig. 3 , we conclude that the precipitation process of the Al 3 Sc phase is divided into three stages: a mixed stage of nucleation and growth at t < 2 h, a mixed stage of growth and coarsening at 2 < t < 600 h, and a stage of coarsening alone at t > 600 h.
Conclusions
We have examined the Ostwald ripening of Al 3 Sc precipitates in an Al-1 mass%Mg-0.27 mass%Sc alloy during aging at 573 K using the Kuehmann and Voorhees model 1) by combined techniques of TEM observations and electrical resistivity measurements. The independent estimate of the energy of the coherent interface between the Al matrix and Al 3 Sc precipitate is 0.23 Jm À2 from data on coarsening alone. The interface energy is unaffected by the change in coherency of the Al/Al 3 Sc interface. Kinetic analyses of the precipitation process using the Kuehmann and Voorhees model 1) and the Johnson-Mehl-Avrami equation 10, 11) show that the precipitation is divided into three stages: a mixed stage of the nucleation and growth, a mixed stage of the growth and coarsening and a coarsening stage.
